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ARSTRACT

Wc present design aspects of a cryogenic sapphire oscil-
lator which is being dcvclopcd for ultra-high shorl Icrm
stability and low phase noise in suppori of the Cassini
Ka-band  Radio Scicncc cxpcrimcnt. With cooling prc~-
vidcd by a commercial cryocoolcr ins[cad of ]iquid he-
lium, this standard is dcsignccl  to operate crmlintrously
for periods of a year or more. Pcrformancc targets arc a
stability of 3x10”15 (1 second S ~ < 100 seconds) and a
phase noise of -73dB/H~, @ 1 HY. nicasurcd at 34 GHY..
Tcsl results arc rcpor[cd  for several subsystems; includ-
ing cryocoolcr,  vibration isola[ion sys[cm,  and ruby conl-
pcnsating clcmcnt.

IIACKGROUND

Cryogenic oscillators make possible the highest stability
available today fbr shorl measuring times (z < 100 scc-
cmcts)[ 1,2,3]. However, they have so far prcrvcn impract i-
cal in applications outside the research cnvirmmcnl  dLIC
to their Iimitcd operating periods. ]ntcrruption of normal
operation is typically required while a cryo~cn  is rc-
placcd, the systcm then returning to nominal rrpcratirm as
tcmpcra[urcs settle down again to a slablc operating con-
dition. It is ironic that standards which arc optimi~,cd for
very short measuring times must operate for periods of a
year or more wi(hout in[crruption  to bc considered for
many applicaticms. This is bccausc a shorl-term fre-
quency standard is typically  utilized to “clean up” the
short-term variations of an atomic standard, the con-
bincd output being then distributed to various users in a
facility to bc used by each fbr their own purposes- -e.g.
radio scicncc on onc hand and cvcnl schcdulitlg  on an-
other. Frequent interruption of the operation of such a
timekeeping facility would bc unacccptahlc.

Cryogenic standards also rcprcscnt the best promise for
improved 1..0. performance as required by a ncw gen-
eration of passive atomic standards. These include both
tbc Ccsium Fountain and Trapped Ion standards which
arc under dcvclopmcnt a[ many laboratories around the

world, and wbosc potential presently cannot bc met using
avai I able local oscillator technologies. Bccausc these are
kmg-term frequency standarcls, continuous operation of
the 1..0. is crucial to its applicability.

Cryocoolcrs  have been available for some time which can
operate continuously for tong periods of time, achieving
opcratirrg tcrnpcraturcs  as low as 7K-8K  for 2 stage Crif-
fard-McMahrm  (G-M) coolers and 4.2K or lower with an
additional Joule-Thonlpson (J-T) expansion stage. How-
ever they gcncratc vibrations which, if couptccl to the
hi,gh-Q clcctromagnctic resonator, would degrade the
frequency stability. F’urthcrrnorc,  the J-T expansion units
arc relatively Iargc and expensive, and the 2-stage G-M
units show Iargc tcrnpcraturc swings at a cycle frequency
of a few Ill, togclhcr  with a cooling capability which,
while marginal at best, may degrade by as much as 1 K in
the course of a year’s opcrat ion.

Sapphire rcsona(ors  have been tested which show quality
factors of Q= 109 at tcrnpcra(urcs  up to 10K [2]. HOW-
cvcr, static operation can only he achieved near a prc-
fcrrcd “lurnovcr  tcmpcra(urc” which is typically too low
( 1.5K-6K)  to reach by cryocodcr,  anct which varies from
resonator to resonator depending on the concentration of
incidcnta]  (-1 PPM) paramagnctic  impurities. If the
impurity Icvcls could bc accurately controlled in each
resonator, it might bc possible to construct resonators
that would bc cornpcnsatcd  in the relatively narrow tcnl-
pcraturc band bctwccn that which can bc achicvcd  with
availahtc cryocoolcr  cooling and the point at which the Q
is dcgradccl.

Sapphire resonators with external compensation have
been demonstrated anti proposed for high stahitity at
much higher tcmpcraturcs. A resonator with a mechani-
cal compensation schcrnc }~as achicvcd  stability of better
than 1 xIO 13 at a tcrnpcraturc above 77 K[2], and con-
bi ncd sappbirc-rutitc  resonators arc prcscntl  y under
study. I Iowcvcr,  the Q values of a million or so that arc
so far achievahlc  with these schcmcs  arc far below those
desired here.

* ‘l’his work was sponwrcd  by and car(icd out in pwI at Jet Propulsion 1,aborat(xy,  (’al ifnrnia  lnwiruk’  of Technology, oadc[ a coatlact  with the
National Aeronautics and SpacIJ  Ado\inistralim~



The Q rcquircmcnts  for any stability value can bc thought
of in kmns of how many times the line can be split, a
value based on the degree  of residual phase noise in the
supporting electronic equipment. This number  is tWi-
cally about one million, with the bighcs[ value rcporlcd
to date being 6 mil]ion.  [ 1 ] Tbrrs, depending on the capa-
bility of the supporting electronics, a stability of 1x1O ‘f
requires a resonator Q between 2 and 10xl O*.

INTRODUCTION

We arc clcvcloping a cryogenic frequency smndard  (o
rncc( requirements of the Cassini  Ka-Band  Iixpcrimcnt.
This cooperative mission bclwccn NASA and the Italian
Spacc Agcncyn~akcs uscof a 34CiH7 link tothc space-
craft to grca[ly rcciucc instabilities clue to the solal-
p]asma.  I~uring periods of the mission when the space-
craft is away from the sun, the solar plasma contribution
is at a minimum, and a search for gravitational-waves
will be unctcrtakcn. I.atcr, during the orbital phase of
Saturn, the rings will be examined by radio-frequency
occultation.

Substantial efforts arc being undcrlakcn  to increase sta-
bility and reduce phase noise for ground-based systems of
the DSN, and to dramatically reduce uncertainties in
(wet) tropospheric delay for the purposes of this cxpcri-
tncnt. For the two-way ranging cxpcrimcnk  associated
with the gravitational wave search, the premium is on
mcdiun-tcrrn  frequency stability. The cryogenic oscil-
lator require)  ncnt for this part of the experiment is a fre-
quency siability 3X10”1S (1 second < z S 100 seconds) and
the requirement for the occultation phase is a phase noise
of -73dB/Hz @ 1 HY measured at 34 CIHK

It would have been possible to install and maintain hc-
liun-cooled frequency standards for the relatively few
months of operation for these experiments; however,
such an approach would have done I it tlc towards in~-
proving DSN capabil i tics for future missions. The possi-
bility of helium gas rclcasc and the physical logistics of
cryogen replacement would result in a greater impact anti
risk to operation of the other frequency standards during
the course of this mission, while providing an unccrlain
long-tcrrn  benefit.

G13NItRAI. DESIGN ASPIW’J’S

The vibrations associated with cryocoolcr  operation prcs-
cmt a considcrab]c cballcngc to our design. Ilowcvcr,  the
rcquircrncnts associated with M&sbaucr  experiments arc
at least as stringent as ours, and the cxpcrimcntal
Mossbaucr  community has successful I y adopted a met h-
odology that transfers heat from the experiment to cryc)-
coolcr without physical contact by using turbulent cot~-
vcction in a gravitationally stratiticd helium gas. [4] A
small dcwar is cons[ructcd  to closely tit around the cryc)-

coolcr and the space between them is filled with helium
gas at atmospheric pressure. q“his methodology, which
has no( previously been applied to frequency standards,
allows the cryocoolcr and cryostat to be independently
mounted from tbc floor. Conventional vibration reduc-
tion techniques arc then applied to the cryocoolcr  and
cryostat supports.

A new 2-stage cryocoolcr  design has recently come onto
the rnarkct with capability that was previously possible
only by means of an additional Jorrlc-Thonlpson  (J~)
expansion s[agc. While J/T coolers have been in usc in
the DSN for many years to provide cooling for the low
noise ruby maser amplifiers, they arc relatively large and
cxpcnsi VC. Wit h an ultimate tcrnpcrat  urc below SK, the
new 2-stage coolers allow a small cryogenics package,
and this proven technology should provide excellent rcli-
ability. [5]

Iiowcvcr,  thermal losses in the vibration isolation system,
severe requirements on allowed temperature fluctuations,
and an cxpcctcd degradation of cooling capacity over the
Iifctirnc of the cryocmler  all work to Iirnit  achievable
temperatures. Thus even with an initial 4K-5K cooling
capability, a cicsign that calls for resonator temperature
below about 8K seems risky.

This situation calls for operation of the sapphire resona-
tor at a higher tcrnpcraturc than has previously been
practiced in a 1 XIO”l~ frequency standard. Although op-
eration at tcrnpcraturcs  up to 10K seems possible without
LIndLIC degradation of tbc quality factor Q, the turn-over
tcrnpcraturcs  for whispering gallery sapphire resonators
arc typically 5-7K,  with tbc tcrnpcraturc determined in
each case by incidcrltal concentrations of paramagnctic
impurities.

A relatively small window of opportunity is thus dctincd
by cryocoolcr capabi lit y and resonator Q which requires a
resonator turn-over tcrnpcraturc of 8K - 10K, a fairly
stringent rcquircmcnt. We present a methodology that
would acljust the value of the sapphire turn-over tcnl-
pcraturc by means of a proximate and thermally attached
ruby clcmcnt. The high chromium concentration in the
ruby gives a large compensation effect that can be rc-
cluccd by acijusting  its position. We expect  to mate indi-
vidual  sapphire and ruby elements in such a way to
achieve a turn-over temperature of 8K - 10K.

A disadvantage of this method is that spin-dcpcndcnt
losses or other losses in the ~ uby might prevent a high Q
from being achieved. This issue is discussed in the fol-
lowing section.



DIWGN  DE’I’AI1.S  AND EXP1lRIMENTAI.
ASPECTS

IJigurc  1 shows a diagram of the cryogenic syslcm.  The
cooling capahili[y  of the helium gas thermal transfer
system was found to be only weakly dependent on the
size of the gap bctwccn cryocoolcr  and cryos[at[6] and so
a gap value of 4111111 was chosen as large enough to pre-
vent mechanical interference whi [c smal I enough to pre-
vent a large radiative heat influx. The area of the tbcr-
rnal transfer regions is found to bc more important, and
for this reason the low trmpcraturc  station of the cryo-
coolcr was “hulked up” somewhat with attached copper
conducting elements.

Overall cryogenic performance is found tobc cxccl]cnt.
As shown in the figure, the “60K station” associated with
radiation shields achicvcs  a tcmpcraturc of 57.5K, and
the crucial 7K station is cooled to S.45K with a design
heat input of 0.5W into that station.
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Figure 1 Schematic diagram of the cryogenic
system. The cryocooler  (shown in clashed
lines) is independently supported from the
floor, contacting the rest of the systmn by a
flexible bellows at room temperature.

I ‘igurc 2 shows a plot of the cooling capacity measured at
the 7K station. The thermal impedance of 1.69Wwatt  for
the heat transfer system is not a bad match to the
1.27K/watt measured for the cryocooler  itself. This ca-
pacity is somewhat more than needed by our design, and
wc might have opted for a lower capacity cooler if one
had been available with the tcmpcraturc  performance of
this one. in order to prevent he] ium condcnsat ion and
associated helium gas management problems, a power of
0.5 watts was applied to the cryocooler.  The temperature
step in the graph at 0.5 watts applied power is due to
[arming  off this added power.

o 0.2 0.4 0.6 0.8 1
Heat Load into Cryostat (W)

Figure 2 Response of the cryogenic system to
applied heat at the 7K station (see text).

I’hcrmal  stability of the system is excellent. We had been
prepared for relatively large fluctuations at the 2.5HY.
cycle frccILlcncy,  and had incl udcd a margin for several
slagcs of thermal regulation. This was partly based on
verbal  indications from the manufacturer that the thermal
variation at the cold head could bc expected to be ap-
proxi  matcly 1 K peak to peak. Our expectation was that
they would be rccluccd to about O. I K by the large thermal
mass of the helium gas and had planned fairly cxtcnsivc
thermal regulation to further reduce the variations. We
find instcacl that the thermal variations arc only about
2n~K peak to peak with 0.5 watts or less input.
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Figure 3 Measured cold head cooling
capacity



For reference purposes wc also i ncl udc };]g. 3, the results
of a measurement of cold head cooling capacily for input
powers up to 4 watts.

Compensation of tcnlpcra[urc-induced variation has been
accomp] i shed in sapphire resonators by paramagnctic
spin[2,3]  and mcchanical[ 1 ] tuning effects. Such a tcclw
nology is ncccssary  to relax tcmpcraturc regulation rc-
quircmcnts. I ‘or example, ccrmpcnsation  of sapphire’s
first order temperature dcpcndcncc of =1 xl O 8/K at 10K,
leaves a quadratic coefficient of =1 x10”9/(K2). Thus, for
10“1 f frequency stability, tcmpcraturc regulation would
ncccl to bc 0.1 VK for an uncompensated sapphire reso-
nator compared to 1 n]K for a compensated one.

While a 1 nlK rcquircmcnt  might seem (o indicate an
easy thermal design task, previous cxpcricncc with cxicr-
naliy compensated resonators has shown that it is crucial
to properly deal with temperature diffcrcnlial effects hc-
twccn rcsonalor and compensator. I;or example, sensitiv-
ity of our (partially internally compcnsatcd)  resonator’s
frequency to tcmpcraturc without cx(crnal cmnpcnsation
is expected to bc a fcw parts in 10g/K. Iivcn with a short
0.1 second tinlc constant for the thermal contact hctwccn
ruby ancl sapphire, a 1 mK tcmpcraiurc variation at the
2.5}1? cryocoolcr  cycle frequency would bc largely um
compensated. This would give an unacccptab]c  fre-
quency variation of park in 1012 at the 2.5}IY, rate.

This effect can bc greatly rc(iuccd  by the LISC of a thcrml
ballast. I~igurc 4 shows a block diagram fo[- thermal as-
pects of an externally compensated resonator.

Shielding Can
]~jgllre  4 I]]ock diagram for thermal aspects
of compensated resonator

I;vcn if the shielding can tcmpcra[urc wtrics, the sappbirc
tcmpcraturc  will follow only slowly, and so the rutry tcnl-
pcraturc error will bc small. Adding a ballast with a
1000 second t imc constant proviclcs a rcl icvcd thermal
stability rcquircmcnt  by reducing (for times Icss than
1000 scccmds)  the di ffcrcntial  tcmpcraturc variation by
10,000 times compared to the can tcmpcraturc variation.
Thus, at the turnover tcmpcraturc, a 1 mK variation in the

tcmpcraturc of the shielding can will give a frequency
variation of only parts in 1 OIC.

The bal Iasl and compensator have son~cwhat  con~plc-
men[ary  functions – without the compensator, the ballast
dots a fine job alone for times of 1 second or Icss, and
without the ballast the compensator dots just as well for
times of I 00 seconds or more.

Figure S Compensated Sapphire Resonator.
Thermally induced variations in the fre-
quency of the sapphire resonator are can-
celed by paramagnetic spins in a weakly -
coup]ed ruby element.

Wc expect that the 1x1 O 8/K variation at 8K-1OK will bc
partially compensated by incidental paramagnctic  spins,
leaving a variation of approximately +2x10“9/K. Wc
propose to compensate this variation by coupling a small
fraction of the clcctromagnctic  rcsonan(  energy into an
ancillary ruby clcmcnt containing a paramagnctic  Cr spin
conccrrtration of 0.01 % to 0.05%. By operating either 1
G}lY above or below the zero field splitting of 11.4 CiHz
either sign of variation can bc accommodated. Because
of the difllcul~y  and cxpcnsc  for obtaining the high qual-
ity sapphire resonator samples, wc will characterize each
sample and then adjust the coupling to the ruby clcmcnt
to achicvc compcnsatior~  in the 8K to 10K ran.gc.

While cxpcrimcntal mcasurcmcnts of rcactivc and rcsis-
t i vc components for chronlium in sapphire arc both con-
sistent with the I.orcnz.ian  lincshapc shown in Fig. 6, wc
arc not aware of any simultaneous mcasurcmcnts of the
two components for the same sample. A knowledge c~f
the ratio of these two cflccts  in our ruby is crucial to our
design, in order to know the spin limitation to resonator
quality factor Q, given the required tuning rate.
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Figure 6 Resistive and reactive components
for a I.orenzian absorption line

The l/Aw tuning dcpcndcnce for incidental Cr spins in
sapphire resonators has been WCI  I docunlcntccl.  }Iowcvcr,
the associated Iosscs  arc not easy 10 dckrminc  a( ~hesc
very low concentrations, and a concern is that the
lincwid[h may bc different in ruby with its much higher
Cr ]CVCIS.  A study done sornc  years ago rrlcasurcd  the
spirl-dcpcndcnt  losses in various ruby sarnplcs, fincling a
1 /Ao\  component for the Iosscs in agrccmcnt with the
expectations of a I.orenzian lincwidth, but the rcac(ivc
effects were not nlcasurcd.[7]  Combining the results of
various mcasurcmcnts  at widely varying and sorncwhat
unccrlain Cr conccnkation  values allowcci us to cxtrapc)-
latc a ratio bc[wecn  (uning and Iosscs that was cncour-
agi~lg enougll to proccccl with our study.  The ratio of
toning to loss, of coutsc, improves for inc[-casir~g val LIcs
of A(o. Wc have chosen a value corrcspondi  ng to
Af= 1 CiH~, as a compromise bet wccn low IOSSCS on onc
hand, and the rcquircrncnt of a single design that will
work for both signs of tuning, depending on (hc charac-
teristics of any given sapphire sample.
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l~igure 7 Measured reactive and resistive
components for the permit tivity of ,03%
Ruby sample. Delta F is frequency deviation
from 11.44 ruby zero field splitting.

We rncasurcd the frequency and quality factor Q for s
resonant nmdcs of our ruby tuning elerncnt  at tenlpcra-
turcs of (5K to 1 SK. I;rorn the.sc measurements wc can
calculate the 1/T dependent part of the frequency varia-
tion which is dLK to paranlagnctic  spin tuning, and di-
rect Iy i n fcr the spin -dcpcnclcnt  10 SSCS.

]Jollowing  Mann, et al, wc characterize the spin dcpcnd-
cnt part of the frequency dcpcndcncc  cm ternpcraturc in
tcr’lns of a constant C(K), where Af/f = C/T[~]  With
aligned crys(al  and cylindrical axes wc find, in agrcc-
rncnt with their results, that only the WGH mode family
shows a strong tuning effect. The three modes charac-
terized in I:igs. 7 ancl 8 arc WGI;II, I, I WGE12,1,1  a n d
WGIiri,l,l.  AS shown in I;igurc 7 the frequency dcpcnd-
cncics for C ancl Q, arc in very good agrecrncnt  with prc-
ciicticms, Iincar and quaclratic, rcspcc(ivc]y of a I.orcnzian
Iinc shape.
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Frequency (GHz)

Figure 8 lh-equency dependence of spin
tuning for the .03 % Ruby sample extrapo-
lated to lPPM  concentration to allow com-
parison with previously published results.

A comparison of tcmpcraturc tan ing with previously re-
ported results for incidental impurities in sapphire arc
shown in Iiigurc 8.[8] Our results arc consistent with a 1
1’PM concentration in the “5 CIn”  sapphire rcsorlator
identified there.

While tuning cffccls arc cxpcctcd  to bc simply propor-
tional to impurity concentration, the 10SSCS might not bc.
The lincwidth  of the ruby absorption n~ay vary with
chromium concentration. This could have meant that,
for example, the 10SSCS were worse at the higher ruby
concentration, ancl so might bavc prcvcntcd  usc of ruby
as a cornpcnsa(ing  clcrncnt. Our rcsul(s show that, a[
[cast fot- the .03% ruby, this is apparently not the case.



From the data in Fig. 7 wc can calculate the spin-limited
Q for a resonator compcnsatccl by the .03%J  ruby clcrncnt
and opcrat  ing at Af= 1 CJHZ. These results arc shown in
l:igure 9.
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Figure 9 Required ruby coupling constants
and achievable Q values for a sapphire reso-
nator operating at 10.44 GHz and conlpen-
sated at 10K.

The values arc calculated using the Q and C values for-
cach of the ruby modes incicpcndcntly. Onc might expect
that the 14-1 mode, with much Iargcr spin 10SSCS and
spin tuning, would give the most accurate determination
of these paranlcters. However, all mcasurcmcnts arc
consistent with spin-limited Q’s of 2 to 3X109  and energy
coupling to the ruby clcrncnt  of 0.4 to ().5xl O 3. l’rcvious
cxpcricnce in splitting the high-<)  line in a sapphire
resonator by a factor of 6X 10c was demonstrated by an
optimized Pound frequency-lock system in Ihc 77K
CSOII].  Applied here, this capability would allow a sta-
bility of IX10”’5 with a Q of only 1.7xIO*.

CONCI.USIONS

Principle design issues have been addressed for a cryc)-
coolcd frequency standard to provide parts in 101s short-
tcrm frequency stability for the Cassini Ka-bancl cxpcri-
nlcnt. Ncw cryogenic ancl clcctrornagnctic design aspects
have been dcvclopcd  to mate sapphire resonator technol-
ogy to the characteristics of availahlc cryocoolcrs. Sev-
eral tcchn ical aspects  have been vcri ficd, incluciing
cooling capability, tcmpcraturc stability, anti spin dc-
Jlcndcnt ]OSSCS in a ruby tCrllpCratLlrC-COrllpCllSatirlg  CIC-

mcnt. A first unit is currcn(ly  under construction and
n)orc  units arc scheduled to bc installed in three Deep
Space Network stations starting in the year 2000.
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